Background: Retroviruses package a genomic RNA dimer. In vitro studies suggested kissing loop and extended dimer (ED) RNA-RNA interactions. Results: HIV-1 mutants with ED defects are replication-impaired, and revertant viruses with compensatory RNA mutations were selected. Conclusion: We describe a correlation between in vitro ED defects and poor virus replication. Significance: We present, to our knowledge, the first in vivo evidence for the importance of the ED.
The 5 leader of the HIV-1 RNA genome encodes signals that control various steps in the replication cycle, including the dimerization initiation signal (DIS) that triggers RNA dimerization. The DIS folds a hairpin structure with a palindromic sequence in the loop that allows RNA dimerization via intermolecular kissing loop (KL) base pairing. The KL dimer can be stabilized by including the DIS stem nucleotides in the intermolecular base pairing, forming an extended dimer (ED). The role of the ED RNA dimer in HIV-1 replication has hardly been addressed because of technical challenges. We analyzed a set of leader mutants with a stabilized DIS hairpin for in vitro RNA dimerization and virus replication in T cells. In agreement with previous observations, DIS hairpin stability modulated KL and ED dimerization. An unexpected previous finding was that mutation of three nucleotides immediately upstream of the DIS hairpin significantly reduced in vitro ED formation. In this study, we tested such mutants in vivo for the importance of the ED in HIV-1 biology. Mutants with a stabilized DIS hairpin replicated less efficiently than WT HIV-1. This defect was most severe when the upstream sequence motif was altered. Virus evolution experiments with the defective mutants yielded fast replicating HIV-1 variants with second site mutations that (partially) restored the WT hairpin stability. Characterization of the mutant and revertant RNA molecules and the corresponding viruses confirmed the correlation between in vitro ED RNA dimer formation and efficient virus replication, thus indicating that the ED structure is important for HIV-1 replication.
The untranslated 5Ј leader region (Fig. 1A) is the most conserved part of the HIV-1 RNA genome when comparing the nucleotide sequence of different virus isolates. The leader can fold multiple stem-loop structures that regulate various steps of the viral replication cycle, including the poorly understood processes of RNA dimerization and RNA packaging in virion particles. The DIS 3 hairpin folds a stable stem-loop structure that is sufficient to produce HIV-1 RNA dimers in vitro (1) (2) (3) (4) (5) . It harbors a palindrome sequence in the loop (GCGCGC for HIV-1 subtype B), such that two DIS hairpins can engage in kissing loop (KL) base pairing interaction (Fig. 1 , B and C), thus forming "loose" RNA dimers (6 -8) . Heat treatment or incubation with the viral nucleocapsid protein triggers opening of the hairpin stem to allow extended interstrand base pairing and formation of a more stable extended dimer (ED) (Fig. 1 , B and C) (9 -11) . Such ED RNA forms have only been described in vitro, and their in vivo relevance remains unclear.
We previously reported that structural rearrangements in the leader regulate RNA dimerization in vitro (12) (13) (14) . In vitro RNA dimerization of HIV-1 transcripts was prevented by formation of the so-called long distance interaction (LDI) conformation in which the DIS sequences are engaged in an intramolecular, long distance base pairing interaction with the upstream poly(A) hairpin (Fig. 1) . As a result, the DIS palindrome is not available for initiating RNA dimer formation. Alternative HIV-1 RNA folding schemes have recently been proposed (15) (16) (17) , but most models converge on the concept of regulation of RNA dimerization through RNA conformational changes, with one of the conformations being dimerizationincompetent because of the absence of the DIS hairpin or shielding of the DIS palindrome. This inhibition of RNA dimerization could be relieved by heat treatment or incubation with the HIV-1 nucleocapsid chaperone protein (9, 18) . Both treatments trigger refolding of the LDI conformation into the dimerization-competent BMH (branched multiple hairpin) structure, which exposes the DIS hairpin (Fig. 1B) .
Infectious HIV-1 particles contain two genomic RNA molecules that are noncovalently linked near their 5Ј end, possibly at more than one position (19) . It is thought that the native dimer structure of the RNA genome is important for its efficient reverse transcription into DNA, a complex process that includes two strand transfer events (20) . RNA genome dimers are also thought to facilitate recombination during reverse transcription, which contributes to the generation of HIV genetic diversity (21, 22) . RNA recombination rates are indeed significantly reduced when the DIS palindrome sequence is altered (22) (23) (24) .
Studies on the conformation of genomic RNA inside virus particles are intrinsically difficult. Early electron microscopy studies indicated multiple RNA-RNA contacts along the dimeric genome, with the most stable interaction located near the 5Ј ends (25) . Stabilization of the RNA dimer was reported during maturation of newly assembled virion particles, but details on the molecular events remained obscure (26, 27) . The HIV-1 DIS motif is considered critical for RNA dimerization (3, 5, 28, 29) , but it may also regulate RNA packaging (30) . Surprisingly, some studies suggested that the DIS palindrome is dispensable for RNA dimerization in vivo: its deletion or alteration to a smaller palindromic sequence does not affect RNA dimer stability inside virus particles, although RNA packaging was reduced (6) . In addition, cell type-specific DIS defects were reported (31, 32) . Additional RNA contact sites have been proposed for the upstream HIV-1 TAR hairpin and other leader motifs, including the SL3 region downstream (33-37). How-FIGURE 1. The HIV-1 RNA genome and dimer formation. A, schematic of the HIV-1 RNA genome with enlarged leader domain (nt 1-368), which encodes multiple regulatory signals: trans-acting response (TAR) element, polyadenylation signal (poly(A)), primer activation signal (PAS), primer binding site (PBS), dimerization initiation site (DIS), splice donor (SD) site, packaging signal (⌿), and AUG start codon (AUG) of the Gag open reading frame (Gag). B, HIV-1 RNA dimer formation. The leader adopts the LDI conformation that cannot dimerize but can be triggered to fold the branched multiple hairpin (BMH) conformation that exposes the DIS hairpin for dimerization. The KL dimer is formed and can be converted into the ED. C, nucleotide resolution of the KL and ED dimers. The two DIS binding partners are shown in different colors. The 6-nt palindromic DIS sequence is boxed in pink and black. The numbers indicate the nucleotide position in HIV-1 genomic RNA relative to the transcriptional start site.
ever, such studies require a careful analysis because leader mutations may induce RNA misfolding and conformational changes that indirectly trigger or impede RNA dimerization (38, 39) .
Full-length HIV-1 RNA genomes are selected from an excess of cellular and subgenomic viral RNA during the virus assembly process and encapsidated by the Gag proteins. RNA dimerization and packaging are tightly linked processes: if proper RNA dimerization is compromised, the virus particles contain less genomic RNA and are less infectious (6, 40 -42) . The initial RNA-RNA dimer is formed in the virus-producing cell and is subsequently packaged. During virus particle maturation the stability of the HIV-1 RNA dimer increases, which depends on viral Protease activity and processing of the Gag-Pol polyprotein (27, 40, 43) . In general, not much is known about the actual RNA-RNA contacts during virion assembly and subsequent maturation. Possibly, this dimer maturation process is analogous to the stabilizing RNA rearrangements that are observed in vitro when the KL dimer is converted into the ED. Unfortunately, classical RNA probing studies cannot discriminate between the KL and ED conformations because the same nucleotides are involved in these intra-and intermolecular base pairing schemes. Therefore, the molecular nature of the structural transition from fragile to stable RNA dimers inside virions remains elusive. Moore et al. (24) created DIS mutants that, at least in vitro, can form KL dimers, but not ED. Their experiments indicated that ED formation is not required for the initial RNA partner selection, subsequent RNA packaging, and the process of recombination. This does not exclude other roles for the ED in HIV-1 replication. The initial interaction between Gag and viral RNA during assembly and packaging has been studied in detail (44, 45) .
To investigate the role of ED formation on virus replication, we analyzed a set of HIV-1 variants with mutations that affect the DIS hairpin (13) . Virus replication was severely affected by alteration of a three-nucleotide motif (GGA triplet) immediately upstream of the DIS hairpin. Further analysis demonstrated that this mutation reduced in vitro ED formation and the amount of RNA dimers in virions. The crippled HIV-1 mutants were allowed to evolve by selection of faster replicating revertant viruses. Characterization of these variants confirmed the importance of the GGA triplet in both ED formation and viral replication.
EXPERIMENTAL PROCEDURES
DNA Constructs-The 5Ј leader mutations (J8, J9, and J10) were introduced in the HIV-1 molecular clone pLAI (46) and the pLAI-R37 derivative (13) . pLAI-R37 has a deletion in the R-U5 region of the 3Ј LTR. The WT 3Ј LTR is restored during the reverse transcription process in the first round of virus replication (47) .
Virus Production-C33A human cervix carcinoma cells were cultured in DMEM (Invitrogen) supplemented with 10% FBS, nonessential amino acids (Invitrogen), 20 mM glucose, 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C and 5% CO 2 . The cells were grown in 2 cm 2 wells and transfected with 1 g of WT or mutant pLAI-R37 DNA by the calcium phosphate method, as previously described (48) . Two days post-transfection, the supernatant was harvested, and the cells were lysed in PBS containing 1% Empigen-BB. The intracellular and supernatant CA-p24 level was determined by ELISA (49) .
Virus Replication and Evolution Studies-SupT1 T cells were cultured in RPMI 1640 medium supplemented with 10% (v/v) FBS, 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C and 5% CO 2 . Cells (10 ϫ 10 6 ) were transfected with 250 ng or 1 g of pLAI-R37 DNA by electroporation (250 V, 975 microfarad) using a Bio-Rad Gene Pulser II as previously described (48) . Cells were split 1 to 10 twice a week. The CA-p24 level in the culture medium was determined by ELISA. For virus evolution, 15 ϫ 10 6 cells were transfected with 40 g of pLAI-R37 DNA by electroporation and immediately split into six cultures. The protocol for virus evolution by prolonged cell-free passage of virus onto fresh, uninfected SupT1 cells was described previously (50) . Isolation of total cellular DNA was performed by Tween 20/proteinase K treatment (51) . The LTR leader region was PCR-amplified with primers T7-1 and TA014 (13) . The PCR products were sequenced directly, thus providing the population sequence of the viral quasispecies.
PCR products were also cloned in the pCRII-TOPO vector (Invitrogen). The HindIII-ClaI fragment of selected clones was used to replace the corresponding fragment in pBlue-5Ј LTR (52) . The plasmid contains the XbaI-ClaI fragment of the infectious pLAI clone, including the 5Ј LTR promoter sequence, the full-length leader sequence, and part of the Gag open reading frame (Ϫ454/ϩ376, relative to the transcriptional start site at ϩ1). Subsequently, the progeny XbaI-ClaI fragments were cloned into pLAI-R37. The constructs were verified by BigDye terminator sequencing (Applied Biosystems, Foster City, CA).
Single Cycle Infection-TZM-bl cells (53, 54) were maintained in DMEM supplemented with 10% FBS, nonessential amino acids (Invitrogen), 20 mM glucose, 100 units/ml penicillin, and 100 g/ml streptomycin at 37°C and 5% CO 2 . TZM-bl cells were grown to 60% confluency in 2-cm 2 wells and infected with WT or mutant C33A-produced virus (corresponding to 10 ng of CA-p24) in the presence of 80 g/ml DEAE dextran. The cells were washed with PBS 2 days after infection and lysed in passive lysis buffer (Promega). The firefly luciferase was measured in cell lysates with the luciferase assay kit (Promega).
In Vitro Transcription and RNA Dimerization-The pLAIbased plasmids were used as template in a PCR with primers T7-2 and R:A368-A347 (complementary to nt ϩ368 to ϩ347 of the HIV-1 LAI genome with the transcription start site at ϩ1). The PCR products were ethanol-precipitated and in vitro transcribed with the megashortscript T7 transcription kit (Ambion) in the presence of 1 l of [␣-
32 P]UTP (0.33 MBq/l; PerkinElmer Life Sciences). Transcription reaction mixtures were incubated for 3 h at 37°C, and the reactions were stopped by DNase treatment. The RNA was ethanol-precipitated, dissolved in water, and quantified by scintillation counting. To test the quality of the RNA, 20 ng of 32 P-labeled RNA was incubated for 5 min at 85°C in formamide-containing loading buffer (Ambion) and analyzed on a denaturing 6% polyacrylamide gel. Dimerization was performed with 20 ng of 32 temperature for renaturing and dimerization. Samples were mixed with 12 l of nondenaturing sample buffer (30% glycerol with bromphenol blue) and analyzed on nondenaturing 4% polyacrylamide gels in 0.25ϫ TBE (22.5 mM Tris, 22.5 mM boric acid, 0.5 mM EDTA, pH 8.0) or 0.25ϫ TBM (22.5 mM Tris, 22.5 mM boric acid, 0.1 mM MgCl 2 ). Electrophoresis was performed for 3 h at 150 V at room temperature. Gels were dried and subjected to autoradiography, and the signals were quantified using a PhosphorImager (Molecular Dynamics).
RNA Secondary Structure Prediction-RNA secondary structure prediction was performed with the RNAstructure algorithm, version 5.3, offered by the Mathews Lab (55) . The HIV-1 leader RNA (nt 1-368) and the DIS hairpin (nt 237-281) were folded with standard settings (37°C). The most stable structure was selected. The structure was listed as LDI when the poly(A) and DIS hairpins were masked or as BMH when both hairpins were present.
Reverse Transcription Analysis in Infected SupT1 T Cells-293T cells were seeded in a 6-well format. The following day, at 80% confluency, the cells were transfected with 2.5 g of LAI plasmid of WT, mutant, and revertant viruses using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. After 6 h, the cells were washed, and 48 h after transfection the virus-containing supernatant was harvested. Cells and cell debris were removed by centrifugation at 211 ϫ g for 5 min and by passing the supernatant through a 0.2-m pore size filter. Titers of the virus stocks were determined using CA-p24 ELISA. Similar amounts of virus (equivalent to 100 ng of CA-p24) were treated with 100 units of DNaseI (Roche) for 1 h at 37°C in the presence of 10 mM MgCl 2 . The virus was immediately used to infect 2.5 ϫ 10 6 SupT1 T cells. To selectively isolate the proviral HIV-1 DNA integrated in the host chromosome and to remove DNA present in other cellular fractions, a user-developed protocol of Qiagen was used. All buffers are derived from the Qiagen Genomic DNA or QIAfilter Plasmid Midi kit. 7 h after infection, the cells were washed three times to remove unbound virus. The cells were harvested 24 h after infection and washed three times with PBS. The cell pellet was dissolved in PBS to 10 7 cells/ml, and the cell membrane was lysed by addition of one volume ice-cold C1 buffer (1.28 M sucrose, 40 mM Tris-HCl, pH 7.5, 20 mM MgCl 2 , 4% Triton X-100) and three volumes of ice-cold distilled water. The cells were incubated for 10 min on ice and centrifuged for 15 min at 21,120 ϫ g at 4°C. The pellet was resuspended in one volume of C1 buffer and three volumes of distilled water. The nuclei were again pelleted, and the resulting nuclear pellet was resuspended in 300 l of buffer P1 (50 mM Tris-HCl, pH 8.0, 10 mM EDTA, 100 g/ml RNase A). The nuclei were lysed by addition of 300 l of buffer P2 (200 mM NaOH, 1% SDS (w/v)) and incubated for 5 min at room temperature. After addition of 300 l of buffer P3 (3 M KAc, pH 5.5), the sample was centrifuged at 21,120 ϫ g for 10 min. The chromosomal DNA-containing pellet was dissolved in 1 ml of buffer G2 (800 mM guanidine-HCl, 30 mM Tris-HCl, pH 8.0, 30 mM EDTA, 5% Tween 20, 0.5% Triton X-100) in the presence of 500 g/ml protease K and incubated at 50°C for 1 h. DNA was precipitated in the presence of 0.7 volume isopropanol and centrifuged for 30 min, at 21,120 ϫ g and 4°C. The pellet was resuspended in 100 l of TLE (10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA). 1 ml of buffer QBT (750 mM NaCl, 50 mM MOPS, pH 7.0, 15% isopropanol, 0.15% Triton X-100) was added to equilibrate the sample for loading on a Genomic tip 20/G (Qiagen). The purification was performed according to the manufacturer's protocol. Genomic DNA was dissolved in PCR grade water.
The ability of HIV-1 variants to perform reverse transcription was analyzed by measuring the level of integrated HIV-1 DNA using real time PCR. DNA of 400,000 cells was used as input in a preamplification PCR of 10 cycles that specifically amplifies a short 5Ј Gag region. This product was used as template in a TaqMan PCR (AbiPrism 7000; Applied Biosciences). Both PCRs were performed as described before (56) . Gag levels were normalized to the ␤-actin gene as determined by TaqMan PCR (Invitrogen).
Viral RNA Isolation-Human embryonic kidney 293T cells were cultured at conditions similar to that of C33A cells. One day prior to transfection, 293T cells were seeded and cultured in 15 ml of complete medium without antibiotics in T75 flasks. The following day, at a confluency of 80%, the cells were transfected with 20 g of WT or mutant pLAI plasmid using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Culture supernatant was harvested after 48 h, centrifuged at 211 ϫ g for 10 min to remove cells, and passed through a 0.2-m filter to remove cell debris. Virion particles were purified over a 20% sucrose cushion in PBS by centrifugation at 32,000 rpm (175,000 ϫ g) for 2 h at 4°C in a Beckman SW32 Ti rotor. The virion pellet was resuspended in 400 l of lysis buffer (50 mM Tris-HCl, pH 7.4, 10 mM EDTA, 100 mM NaCl, 1% SDS (w/v), 100 g/ml proteinase K, and 100 g/ml yeast tRNA (Ambion)) and incubated at 37°C for 30 min. Viral RNA was purified by two subsequent phenol-chloroform-isoamylalcohol (25:24:1 v/v; Invitrogen) extractions at 4°C. The RNA was precipitated at Ϫ20°C with 1/10 volume 3 M NaAc, pH 5.2, and 2.5 volume 100% ethanol and pelleted by centrifugation at 21,120 ϫ g for 30 min at 4°C. The pellet was washed once with 70% ethanol, resuspended in 50 l of TENS buffer (10 mM TrisHCl, pH 7.5, 1 mM EDTA, 100 mM NaCl, 1% SDS), aliquotted, and stored at Ϫ80°C.
Primer Extension Assay-Viral RNA was quantified by primer extension as previously described (57) . RNA isolated from an equal amount of virion particles (corresponding to 50 ng of CA-p24) was precipitated with 0.3 M NaAc, pH 5.2, 80% ethanol and subsequently dissolved in 12 l of 83 mM Tris-HCl, pH 7.5, and 125 mM KCl with 20 ng of primer CN1 (GGTCT-GAGGGATCTCTAGTTACCAGAGTC, nt 123-151 of LAI). The samples were heated at 85°C for 2 min, at 65°C for 10 min, followed by slow cooling to room temperature in 1 h to anneal the primer. After addition of 6 l of 3ϫ RT buffer (9 mM MgCl 2 , 30 mM DTT, 150 g/ml actinomycin D, 30
32 P]dATP (0.33 MBq/l; PerkinElmer Life Sciences) and 2.5 units of HIV-1 RT (22 nM; p51/p66 heterodimer; kindly provided by D. Stammers, Glaxo Wellcome Research Laboratories, Medical Research Council), the samples were incubated at 37°C for 30 min to extend the annealed primer. The cDNA was precipitated in 25 mM EDTA, 0.3 M NaAc, pH 5.2, and 70% ethanol at Ϫ20°C. cDNA pellets were washed once with 70% EtOH and dissolved in gel loading buffer II (Ambion). The cDNA product was heated at 85°C for 3 min and analyzed on a denaturing 6% polyacylamide-urea sequencing gel. The signals were quantified using a PhosphorImager (Amersham Biosciences).
Northern Blot Analysis-For nondenaturing Northern blot analysis, viral RNA isolated from equal amounts of virions (equivalent to 100 ng of CA-p24) was diluted in 10 l of TENS buffer, mixed with 5 l of sample buffer (30% glycerol with 0.25% bromphenol blue dye), and analyzed by electrophoresis on a 0.9% agarose gel in 1ϫ TBE buffer at 72 V, 4°C for 6 h. The gel was soaked in 10% formaldehyde at 65°C for 30 min to denature the RNA. The RNA was transferred overnight by capillary force onto a positively charged nylon membrane (Roche Applied Science) using 20ϫ SSC (3.0 M NaCl, 0.3 M sodium citrate, pH 7.0). A UV cross-linker (Stratagene) was used to cross-link the RNA to the membrane. A 1014-bp DNA fragment covering the Nef, U3, and R regions of pLAI (positions 8770 -9784) was produced by PCR with primers TTA1 (ACA-GCCATAGCAGTAGCTGAG) and CN1 and pLAI as template. The fragment was 32 P-labeled by random-primed labeling (High Prime DNA labeling kit; Roche Diagnostics) through incorporation of [␣ 32 P]CTP (0.33 MBq/l; PerkinElmer Life Sciences). The membrane was prehybridized in ULTRAhyb buffer (Ambion) for 1 h at 55°C and subsequently hybridized with the labeled probe for 16 h at 55°C. The membrane was washed four times for 5 min in low stringency buffer (2ϫ SSC, 0.2% SDS) at room temperature and twice for 15 min in high stringency buffer (0.1ϫ SSC, 0.2% SDS) at 50°C. The blot was analyzed using a PhosphorImager (Amersham Biosciences) and the ImageQuant software package.
For denaturing Northern blot analysis, the viral RNA was mixed with denaturing loading dye (final concentrations, 40 mM MOPS, pH 7.0, 10 mM sodium acetate, 5% formaldehyde, 0.05 mg/ml ethidium bromide, 0.5 mg/ml orange G, 7 g/ml sucrose) and electrophoresed on a 0.9% agarose gel in MOPS buffer (40 mM MOPS, 10 mM sodium acetate, pH 7.0) with 7% formaldehyde at 100 V for 4 h. The RNA was blotted and crosslinked to the membrane, washed, and analyzed as described above for the nondenaturing blot.
RESULTS

Characteristics and Virus Replication of DIS Mutants-We
previously tested RNA transcripts of three HIV-1 leader mutants (J8, J9, and J10; Fig. 2A ) for their impact on in vitro RNA dimerization (13) and now investigated in vivo ED RNA dimerization and virus replication. Short purine-rich segments were mutated that flank the DIS stem on the 5Ј side ( 240 GGA 242 triplet mutated to CCC) and 3Ј side ( 278 GGG 280 to UCC) in J8 and J9 to extend the DIS stem with three additional base pairs (Fig. 2A) . The impact on the predicted thermodynamic stability of the DIS hairpin, the LDI and BMH conformations, and the LDI-BMH equilibrium are plotted in Table 1 . As expected, DIS stabilization shifts the equilibrium toward the BMH folding (⌬⌬G LDI-BMH in kcal/mol: Ϫ5.6 (WT), 6.8 (J8), and 2.5 (J9)). The J10 double mutant combines the J8 and J9 changes, resulting in a normal DIS hairpin with altered sequences in both flanking triplets. The overall RNA folding and the LDI-BMH equilibrium were only marginally affected ( Table 1 ).
The WT RNA folds predominantly the LDI conformation in vitro, thus not exposing the DIS hairpin and preventing KL dimerization (13) . However, J8 and J9 fold the BMH conformation because of the stabilized DIS hairpin and undergo spontaneous KL RNA dimerization (13) . Evidence that RNA structure changes and not sequence changes dictate this phenotype comes from inspection of J10 that dimerizes in a restricted manner as WT. In contrast to WT and J9, J8 and J10 formed negligible amounts of ED (13) . For J8, this may be due to DIS stem stabilization. J10 has a WT-like DIS stem, and nevertheless ED formation is reduced. In both J8 and J10, the GGA triplet was mutated, indicating that this triplet is important for ED formation.
Because of their intriguing ED phenotype, we assessed the effect of the J8, J9, and J10 mutations on virus replication. The DIS mutations were introduced into the infectious HIV-1 molecular clone of the primary LAI isolate. We transfected this set of pLAI plasmids into the SupT1 T cell line and followed viral spread over time by monitoring CA-p24 accumulation in the culture supernatant. All mutants (J8 -J10) exhibited dramatically reduced replication kinetics when compared with WT (Fig. 2B) . The efficiency of virus replication was consistently ranked as follows: WT Ͼ J9 Ͼ Ͼ J10 Ϸ J8. From this, we conclude that mutation of the 5Ј-flanking GGA triplet affects HIV-1 replication more severely than mutation of the 3Ј-flanking GGG triplet. Interestingly, the J8 and J10 mutants that display reduced ED formation in vitro show the most severe replication defect, providing a handle to study the importance of ED formation in HIV-1 biology.
Mapping the Replication Defect of KL-ED Mutants-We next set out to identify the nature of the replication defect of these DIS mutants. We first assessed whether the mutations affect the late phase of virus production. C33A cells were transfected with the WT and mutant DNA constructs. Virus particles produced by the transfected cells will not initiate a new round of infection because the receptors for virus entry are absent from these cervical carcinoma cells. We analyzed the production of the viral capsid protein CA-p24 in the cells and culture supernatant (Fig. 2C) . None of the DIS mutant viruses were significantly affected in cell-associated and supernatant CA-p24 production, indicating that similar levels of virus particles were produced. This also indicates that the mutations do not exert an effect at the level of viral gene expression (e.g. transcription, splicing, mRNA nuclear export, translation, and mRNA stability). We next probed the early phase by infecting the TZM-bl reporter cell line, where Tat protein production upon successful infection (including cell entry, reverse transcription, integration, and subsequent viral protein production) will activate the LTR-luciferase reporter. Thus, any of the expected problems during HIV-1 RNA dimerization and/or RNA packaging will show up in this assay. With the same input (based on CA-p24) of WT and mutant viruses produced in C33A cells, we measured a severe reduction in infectivity for the J8, J9, and J10 mutant viruses (Fig. 2D) . The ranking order of particle infectivity closely resembles that observed for the replication kinetics: WT Ͼ J9 Ͼ J10 Ϸ J8.
We isolated virus particles from the supernatant of transfected C33A cells by ultracentrifugation and determined the HIV-1 Genomic RNA Dimerization DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51 level of viral RNA in virions using a primer extension assay. The WT and DIS mutant particles contain similar levels of viral RNA, suggesting that the DIS mutations do not affect HIV-1 RNA packaging (Fig. 2E ). As will be described below, Northern blot analysis of virion-extracted RNA confirmed that the WT and mutant RNA genomes are packaged with similar efficiency.
Selection of Revertant Viruses-To gain further insight into how the DIS mutations affect virus replication, we performed forced HIV-1 evolution experiments. This approach was previously optimized by us to dissect the role of important regulatory RNA motifs in the HIV-1 genome (58). In short, we transfected SupT1 T cells with high amounts of the mutant DNA constructs and passaged the cells until the first signs of virus replication emerged (syncytia). From then on, the cell-free culture supernatant was serially passaged onto fresh SupT1 cultures, starting with large inocula and gradually going down in volume. For every mutant we performed six independent evolution cultures. The J9 mutant eventually replicated efficiently in all cultures, but the J8 and J10 mutants in only three and two cultures, respectively (Table 1) . This evolution potential correlates with the intrinsic replication capacity of the original mutants.
Chromosal DNA from the infected cells was collected at each passage to analyze the sequence of the integrated HIV-1 proviruses. Specifically, the complete 5Ј leader of the viruses was PCR-amplified and sequenced to identify the mutations that improved virus replication. This population-based sequence will only reveal the dominant changes that were selected during virus evolution. We frequently scored first site reversions inside the mutated stretch of nucleotides, thus inside the upstream triplet (GGA to CCC) for mutant J8 and the downstream triplet (GGG to UCC) in J9 (Table 1) . Second site mutations on the opposing side of the DIS hairpin were also observed for J8 and J9. All these J8 and J9 reversions have in common that the thermodynamic stability of the stabilized DIS hairpin is reduced (see the ⌬G DIS column in Table 1 ), which thus seems the driving force for virus evolution. The J8 hairpin with a ⌬G DIS of Ϫ22.3 kcal/mol was destabilized to a ⌬G DIS value varying from Ϫ16.1 to Ϫ16.9 kcal/mol. The J9 hairpin with a ⌬G DIS of Ϫ20.9 kcal/mol was destabilized to ⌬G DIS values between Ϫ11.8 and Ϫ18.5 kcal/mol. On the other hand, the J10 double mutant with a WT DIS hairpin stability did acquire reversions in the upstream triplet, but these mutations did not significantly 
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affect the hairpin stability (range of ⌬G DIS between Ϫ12.3 and Ϫ13.7 kcal/mol). Possibly, these mutations restored an important sequence motif, although the mutations did not recreate the WT sequence.
Overall, important sequence information seems to be present in both triplet motifs, with changes occurring most frequently in the first two positions of the GGA triplet and the last two positions of the GGG motif (Table 1) . In some cultures, the viruses acquired a mutation in the DIS hairpin itself that did (J9C) or did not (J10E) affect the predicted stability of the stem. The mutations also affected the LDI-BMH equilibrium. The J8, J9, and J10 reversions partially restored the LDI-BMH equilibrium when analyzed in silico (see ⌬⌬G LDI-BMH column in Table  1 ). The WT and J10 sequences favor the LDI conformation (negative ⌬⌬G LDI-BMH ). For the J8 and J9 mutants, the BMH conformation is favored (positive ⌬⌬G LDI-BMH ), whereas most mutations selected during virus evolution move the equilibrium toward LDI folding (the WT pattern).
For each mutant, we selected two revertants for further testing, and molecular clones were constructed with these precise mutations to filter out possible effects of acquired mutations elsewhere in the HIV-1 genome (Fig. 3) . We first assessed the replication potential in SupT1 cells (Fig. 4) . All revertants except J9C showed a significantly improved replication capacity when compared with the original mutants. The replication capacity was ranked as follows: Table 2 ). It is possible that J9C requires an additional mutation outside the leader region that was recloned. As will be described below, J9C does improve the in vitro RNA dimerization properties of the J9 mutant but apparently is not sufficient for recovery of virus replication. DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51
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In Vitro RNA Dimerization Properties-Because J8 and J10 transcripts exhibited the ED defect in vitro (13), we assessed the dimerization properties of the revertants. We analyzed in vitro transcribed RNAs corresponding to the complete leader (nt 1-368) by polyacrylamide gel electrophoresis in the presence or absence of Mg 2ϩ (TBM and TBE gel, respectively; Fig. 5 ). As previously described, both KL and ED dimers are detected with Mg 2ϩ , whereas EDs are exclusively detected without Mg 2ϩ (14, 35) . The TBM gel confirmed that J8 and J9 produce much more total RNA dimers (KL ϩ ED) than WT and J10 (Fig. 5, middle  panel) . This pattern of excessive RNA dimerization was (partially) reversed for some of the tested revertants (J8A, J9C, and J9E; summarized in Table 2 ).
The TBE gel confirmed that WT and J9 do form EDs, whereas J8 and J10 do not form detectable ED levels (Fig. 5,  bottom panel) . This ED defect was repaired for the revertant transcripts J8A with a single substitution in the GGG triplet and J8F with a double substitution in the GGA triplet, correlating with increased virus replication capacity (Fig. 4 and Table 2 ). In fact, the U241 nucleotide selected in J8F was also frequently observed in viral SELEX experiments (59) . We also tested two J10 revertants that substitute the first position of the GGA triplet, either to a pyrimidine (C240U in J10B) or purine (C240A in J10E). We observed improved ED formation only for J10E (Fig. 5) . This ED forming capacity correlates with the replication results in Fig. 4 : J10B hardly replicates, but J10E shows greatly improved viral spread compared with mutant J10.
The LDI and BMH conformations of the HIV-1 RNA monomer can be distinguished on a TBE gel by differential migration (35) . Whereas the WT and J10 transcripts were predominantly present in the LDI conformation, J8 and J9 adopt the BMH conformation (Fig. 5, bottom panel) . The J8 and J9 revertants partially or completely restore the WT phenotype of LDI formation, and these results are in general agreement with the in silico RNA structure predictions ( Table 2 ). The WT, J9E, J10, J10B, and J10E RNAs with a negative ⌬⌬G LDI-BMH adopt the LDI conformation (Fig. 5) . The J8 mutant with high positive ⌬⌬G LDI-BMH folds the BMH conformation, and the other mutants and revertants with a ⌬⌬G LDI-BMH between 1.5 and 2.6 adopt either LDI or BMH or a mixed phenotype. Revertants that acquired two mutations generally repaired ED formation more efficiently than transcripts with a single acquired mutation (J8F Ͼ J8A and J10E Ͼ J10B), confirming the correlation between ED forming capacity and HIV-1 replication efficiency.
The Dimeric State of RNA Genomes Packaged in Virion Particles-We investigated the dimer status of the mutant and revertant RNA genomes inside virion particles. A correlation between the RNA dimerization in virions and the viral replication capacity has been described for HIV-1 and HIV-2 (6, 60 -63) . To obtain a high virus yield, we transfected 293T cells with the relevant plasmids and pelleted the produced virions by ultracentrifugation. Analysis of the virion RNA, isolated from an equal amount of particles (based on CA-p24), on a denaturing Northern blot indicated similar levels of packaged HIV-1 RNA for WT, all mutants and revertants except for J9C and J9E (Fig. 6, A and B, and Table 2 ). These results confirm that the DIS-flanking mutations do not affect the RNA packaging process.
We next analyzed the virion-derived RNA genome on a nondenaturing Northern blot to analyze the dimeric state (Fig. 6 , C-E, and Table 2 ). The viral RNA from WT virions was predominantly present as a slow migrating dimer, and ϳ14% of the RNA was present as fast migrating monomer. The mutants J8, 
a ⌬⌬G values Ͻ 0 represent LDI, and ⌬⌬G values Ͼ 0 represent BMH folding (Table 1) . b As determined by TBE gel electrophoresis (Fig. 5) . c ϩ, WT signal; ϩϩ, Ͻ2.5ϫ WT signal; ϩϩϩ, Ͼ2.5ϫ WT signal (TBM gel; Fig. 5 ), normalized for total RNA signal. d ϩ, measured signal Ն WT signal; Ϫ, measured signal Ͻ WT signal Ϫ3% (TBE gel; Fig. 5 ), normalized for total RNA signal. e ϩ, mean similar to WT (Fig. 6B) ; Ϫ, significantly reduced compared to WT. f As determined by native northern electrophoresis (Fig. 6D) . g ϩϩϩϩ, WT replication; ϩϩϩ, Ͻ5 days delayed compared to WT; ϩϩ, Ͻ8 days delayed compared to WT; ϩ, Ն8 days delayed; Ϫ, no detectable CA-p24 level within 30 days of culture.
J9, and J10 showed a severe reduction in RNA dimer yield and an increase in the RNA monomer level up to ϳ40%. J8 revertants J8A and J8F both largely restore RNA dimer formation (J8F Ͼ J8A), which mimics the replication kinetics (J8F Ͼ J8A) and the observed restoration of the in vitro dimer-monomer pattern. J9C did not restore the WT pattern, likely linked to its inability to replicate. J9E displays a monomer-dimer phenotype almost similar to WT, which can be correlated to nearly complete restoration of in vitro RNA dimerization and virus replication. J10B does not restore the RNA dimer pattern, and this matches with the inability to form ED and the strongly impaired replication capacity. The other J10 revertant, J10E, showed a small increase in viral RNA dimer formation and was again able to produce EDs. The small dimer increase nicely matches the improved, but still delayed, replication capacity of the virus. For the revertants that exhibit the largest gain in replication capacity, in vitro and in vivo RNA dimerization nicely match with virus replication. A mature RNA dimer has been implicated in the complex process of reverse transcription (20 -24, 64) . Because our mutant and revertant viruses affect RNA maturation to various extents, we tested whether this is reflected in the reverse transcription capacity of the viruses (Fig. 7) . SupT1 T cells were infected with similar amounts of virus (based on CA-p24 levels), and after 24 h the chromosomal DNA, containing the reverse transcribed and integrated HIV-1 provirus, was isolated. Real time PCR was performed on a short Gag DNA fragment. The Gag signal of mutants J8, J9, and J10 was strongly reduced compared with WT, corresponding to in vivo RNA dimerization and virus replication. All revertants partially restore reverse transcription and formation of the provirus.
DISCUSSION
Retroviruses are unique in that they package two identical copies of the RNA genome that adopt a dimer conformation held together via noncovalent bonds. A dimeric RNA template is likely required to facilitate the complex and nonlinear reverse transcription process that generates a DNA copy that is longer than the original RNA template. The dimeric RNA genome may also allow the virus to bypass nicks or lesions in one of the RNA strands (65, 66) , and it may be beneficial for virus evolution by inducing recombination events (67, 68) . Therefore, it is important to learn more about the molecular structure of the RNA dimer inside virion particles. However, the exact nature of the dimer RNA genome remains somewhat mysterious. Much precise information has been collected in simplified in vitro assays with small RNA segments, but it remains unclear how these results translate into virion biology.
We tried to close this gap between in vitro and in vivo studies for HIV-1. In vitro studies suggested that early KL dimers mature into more stable RNA dimers through opening of the two DIS hairpin stems to facilitate the formation of additional intermolecular base pairs (10, 29, 69) (Fig. 1C) . This ED form may relate to the RNA dimer "maturation" process described in vivo during virion maturation, yielding an RNA dimer with increased thermal stability (27, 70, 71) . We previously described specific mutations near the DIS motif that stabilize this hairpin and consequently stimulate KL dimer formation in vitro. The capacity to form KL dimers did not correlate with the capacity to form ED. Instead, we observed that the three nucleotides immediately upstream of the DIS hairpin (GGA triplet) were critical for ED formation. We set out to investigate the HIV-1 Genomic RNA Dimerization DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51 replication capacity of these mutants to study the biological role of ED. The corresponding HIV-1 mutants exhibited rather severe replication defects. Virus evolution of these replicationimpaired mutants led to revertant viruses with interesting compensatory mutations. Testing of short RNA transcripts of the mutant and revertant viruses in vitro indicated that the ability to produce a moderate level of KL and ED dimers correlates with virus replication. These results are summarized in Table 2 and reinforce the concept that retroviral RNA dimerization is a regulated process. Regulated HIV-1 RNA dimerization occurs via a riboswitch mechanism with a dimerization-incompetent (LDI) and an dimerization-competent (BMH) conformation. In general, we observed that the LDI-BMH equilibrium, which was disturbed in the DIS mutants, was, at least partially, repaired in the revertant viruses ( Fig. 5 and Table 2 ). To our knowledge these combined results provide the first in vivo evidence for the importance of the ED structure in HIV-1 RNA dimerization and virus replication.
The GGA triplet immediately upstream of the DIS hairpin seems of critical importance for ED formation and viral repli- 
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cation. This is demonstrated by comparison of the J8 and J10 mutants and four revertants thereof: J8A, J8F, J10B, and J10E. In both J8 and J10, the GGA triplet was mutated, and in vitro ED formation, viral genomic RNA dimerization, and viral replication are strongly affected for both viruses (in Table 2 : ED formation Ϫ, monomer ϳ40%, replication Ϫ). The revertants J8A, J8F, and J10E restore all of these processes. J8A with a single substitution in the GGG triplet downstream of the DIS hairpin is modestly improved (in Table 2 : ED formation ϩ, monomer 34%, replication ϩϩ), but J8F with two substitutions in the upstream GGA triplet has a near WT-like phenotype (in Table   2 : ED formation ϩ, monomer 18%, replication ϩϩϩ). Both J8A and J8F destabilize the extended DIS hairpin. The additional positive effect of J8F compared with J8A therefore indicates the greater importance of the GGA triplet compared with the GGG triplet. Both J10 revertants acquired a single substitution at the same position in the upstream triplet (J10B: C to U, J10E; C to A), but with different phenotypic effects. J10B reversion does not repair the purine content and has only limited effects (in Table 2 : ED formation Ϫ, monomer 35%, replication ϩ). J10E introduces a purine and improves both the in vitro ED forming ability and virus replication capacity to a large extent (ED formation ϩ, replication ϩϩ). Only a slight effect on viral RNA dimerization was measured for J10E (monomer 31%, versus 36% for J10). The two substitutions in the GGA triplet in J8F have a more profound effect than the single substitution in the same triplet of J10B and J10E. These combined results strengthen the notion of an important role of the GGA triplet in ED formation and virus replication and the idea that ED formation is required for efficient virus replication.
Further experimentation is needed to explain in mechanistic detail how the upstream GGA triplet affects HIV-1 RNA dimerization, ED formation in particular. There could be an unexpected stacking effect of these single-stranded nucleotides on DIS folding or melting during the KL to ED conversion (72) . The combined experimental results indicate that the actual sequence of this motif is important, which may suggest the sequence specific binding of a protein co-factor. The most likely candidate is the viral nucleocapsid/Gag protein that is HIV-1 Genomic RNA Dimerization DECEMBER 19, 2014 • VOLUME 289 • NUMBER 51 known to occupy multiple sites within the 5Ј leader to support several RNA functions (34, 73, 74) .
Because the ED-deficient HIV-1 mutants J8 and J10 package normal genomic RNA levels, the results suggest that the early KL dimer form is sufficient to trigger efficient genome packaging, which is consistent with previous reports (23, 24, 75, 76) . The inability of these mutant HIV-1 RNA genomes to mature into more stable ED dimers may trigger subsequent defects, e.g. genome disintegration over time or incomplete reverse transcription as suggested previously (64) . Our results indeed suggest a link between RNA dimer maturation and reverse transcription.
We recently performed an in vivo SELEX experiment in which sequence elements flanking the DIS and SD hairpins (nt 237-242, 278 -281, and 301-305) were randomized, followed by the selection of replication-competent virus variants (59) . These experiments demonstrated an extremely high selection pressure for the WT sequence in the 5Ј DIS flank, which includes the GGA triplet that was identified in this study as an important motif for ED formation. A strong but less extreme selection pressure was scored for the 3Ј DIS flank that encompasses the GGG triplet. The current virus evolution data confirm the in vivo SELEX data in pointing to the critical importance of the GGA triplet and to a lesser extent the GGG motif. The SELEX experiment showed strong selection pressure on the 237 GCAGGA 242 motif that encompasses the critical GGA motif. By sharp contrast, no selection pressure for a particular sequence was observed in the 3Ј flank of the SD hairpin (nt 301-305). A phylogenetic survey indicates that the upstream GGA triplet is absolutely conserved among HIV-1 subtypes, except for the outlier (O) HIV-1 group (Fig. 8) . The downstream GGG triplet is less well conserved. The HIV-2 DIS hairpin is also flanked by conserved purine motifs, GGAG, at the 5Ј and 3Ј side and an in vivo selection experiment selected purines in the 5Ј flank (77) . Disruption of the 5Ј GGAG motif of HIV-2 affected RNA genome dimerization and virus replication (78) . In general, all HIV and SIV variants are likely to use similar molecular strategies to regulate RNA dimerization and packaging (79) .
